Shunt systems with differential pressure valves are prone to the complications of overdrainage. A programmable valve permits adjustment of the opening pressure of the valve. In this paper the authors report the incidence of subdural fluid collections in a randomized trial of programmable compared with conventional valves, and they describe methodologies used in management of this complication.
Cerebrospinal fluid (CFS) shunting is one of the most important procedures in the neurosurgical armamentarium, exceeding any other cranial operation in the number of lives saved and neurological function preserved. However, the operation continues to be associated with a series of well-known complications. [1, 2, 7, 11, 12, 14, 15, 22, 27] Differential-pressure valves that open when the drop in pressure across the valve exceeds a certain point are particularly prone to complications of overdrainage, including subdural hematoma or hygroma, slit ventricles, and low-pressure headaches. Underdrainage results in persistent ventriculomegaly. [2, 3, 7, 9, 12, 17, 19, 22, 27, 30, 31] Both siphon-controlled and flow-regulated valves do not escape these types of complication. [10, 14, 26, 35] A programmable shunt valve allows the surgeon to adjust the opening pressure of the shunt. Two models are readily available: the Sophy valve, which has four pressure settings, and the Codman Hakim programmable valve (Johnson and Johnson, Raynham, MA) which has 17 settings. [4, 29] A multiinstitutional, prospective, randomized controlled trial was undertaken to analyze the safety and efficacy of the Codman Hakim programmable valve in comparison with conventional valves. [26] A system for the rigorous reporting at regular intervals of shunt-related complications was required. The follow-up period was 104 weeks. In this paper we will describe the incidence of subdural hematoma/hygroma in two groups of patients: those with the programmable and those with fixed-pressure valves. We will also discuss the strategies used by the surgeons to correct this complication, and six illustrative cases will be used to highlight the treatment strategies.
CLINICAL MATERIAL AND METHODS
In the patients who were enrolled in the study either a ventriculoatrial or ventriculoperitoneal shunt was required to control hydrocephalus. The surgeon chose patients whom he believed required a valve opening pressure between 30 mm H 2 O and 200 mm H 2 O. Patients undergoing anticoagulant drug therapy, those with known bleeding disorder, an active infection, or those required two valves simultaneously were excluded from the study. Patients or their families were told the follow-up period would be for 24 months and that follow-up evaluation was required. Randomization was stratified at each study site. The patient's status was classified as "replacement" if he or she had previously had undergone placement of a shunt for hydrocephalus. The status of those with no prior history of shunt placement was classified as "new." Patients were randomized to undergo shunt system placement with a Codman Hakim programmable valve or a commercially available nonprogrammable valve within each of these two subgroups.
The study required that the programmable valve in all patients in whom it had been placed be reprogrammed after any imaging study because of concern that the valve setting would alter in the magnetic field. [13, 20, 23] Other than this instruction, decisions regarding the progammable valve pressures were left entirely to the respective investigator's judgement.
Clinical evaluation was required at 1, 3, 6, 12, 18, and 24 months postoperatively. Further follow-up visits were left to the investigator's discretion as warranted by the patient's clinical situation. At each visit the patient's clinical signs and symptoms were recorded, and the investigators were asked to evaluate whether the patient was "well" or "symptomatic," and if symptomatic, whether these symptoms were related to the shunt system. Radiological studies were required at the 3-, 12-, and 24-month follow-up visits. In these studies, the ventricular size was qualitatively designated by the investigator. All changes in the setting of a programmable valve had to be reported as part of the study protocol. All complications and shunt revisions in both groups were reported. Complications included hemorrhage, malabsorption of CSF, subdural hematoma/hygroma, neurological deficits, catheter perforation, foreign body reaction, infection, and "other" complications.
The programmable and conventional-valve groups were statistically equivalent in terms of age at enrollment, age at diagnosis, weight, height, and gender. The primary purpose of the study was to evaluate the safety and efficacy of the Codman Hakim programmable valve system in comparison with conventional fixed-pressure valves in shunt systems used to treat hydrocephalus. The study was conducted under a Food and Drug Administration-approved investigational group exemption. The investigators' group also felt it might be possible within the study to identify clinical situations in which the use of a shunt system with a programmable valve would confer a therapeutic advantage over those with conventional valves.
ILLUSTRATIVE CASES
The following six cases illustrate the use of the programmable valve in the treatment of subdural fluid collections. Two of the cases (Cases 1 and 5) come from a small earlier feasibility study. Other cases from this early study have been reported. [5] The patients in Cases 2 and 3 took part in the multiinstitutional randomized study. The patients in Cases 4 and 6 were treated after the release of the valve for commercial use. Only the patients in Cases 2 and 3 are included in the analysis described in the Results section; the other cases are offered to illustrate the treatment strategies. Several methods have been described for accurate measurement of ventricular pressure in a patient undergoing operation. [27, 34] In the illustrated cases the patients were supine with the shoulder elevated on the side in which the shunt was placed. This allowed the head to be in the horizontal position, with the sagittal sinus parallel to the floor. Endotracheal inhalation technique was used, as was direct catheter measurement of ventricular pressure. The manometer was adjusted to the height of the foramen of Monro. At the time of measurement, end-tidal PCO 2 was adjusted to be 35 to 37 mm Hg.
To allow "impedance matching" between the intraventricular pressure and the valve setting, the operation was initiated by placing a precoronal burr hole. The ventricular pressure was measured, and the valve was then set using the outer, nonsterile plastic case, thus assuring accurate valve setting. The package was opened and the sterile contents passed to the field.
Case 1
This boy was noted to have progressive head enlargement shortly after birth. Magnetic resonance (MR) and computerized tomography (CT) studies obtained at age 4 months revealed massive dilation of the lateral and third ventricles with an obstructed aqueduct ( Fig. 1 upper left) . His neurosurgeon placed a shunt system with a conventional high-pressure valve. There was continued growth of the head, and follow-up imaging study performed 5 months after placement of his original shunt demonstrated no decrease in ventricular size. The surgeon then replaced the high-pressure valve with a low-pressure valve. Two months after the shunt revision, a CT scan revealed normal-sized ventricles and bilateral subdural hygromas (the patient was now age 11 months). At age 13 months the child experienced intermittent vomiting and increased irritability. A new scan revealed slit ventricles with larger bilateral subdural hygromas (Fig. 1 upper right) . The valve was replaced with a programmable valve when the patient was 14 months of age, and the subdural hygromas were drained. The valve was programmed at a pressure setting of 120 mm H 2 O. Two months later the ventricles had enlarged and the subdural hygromas had disappeared ( Fig. 1 lower  left) . Over the next 7 months the valve pressure was reprogrammed four times, decreasing 10 mm of H 2 O each time. At 9 months after the placement of the programmable valve, the ventricles were demonstrated to be normal in size, and the subdural hygromas had disappeared ( Fig. 1 lower right) . The valve pressure was left at 80 mm H 2 O.
Elevation of the ventricular pressure to 120 mm H 2 O effectively helped to obliterate the subdural collections by enlarging the ventricles. The pressure was slowly lowered until the ventricles were normal sized.
Case 2
This 11-month-old girl is one of a twin birth, born at full term. At birth she was noted to have anomalies of the hands and fingers. At 10 months hip dysplasia was suspected, and she was seen in orthopedic consultation. The orthopedist noted the large head and frontal bossing and suspected hydrocephalus. An MR imaging study was performed that revealed a large cyst in the pineal region, hydrocephalus, and a large left parietal bulge caused by porencephaly. There was slight left to right shift and agenesis of the corpus callosum ( After operation the left subdural hygroma was greatly reduced, the right fluid collection was gone, and the ventricles were large. Over the next 18 months the valve pressure was slowly lowered in four steps to 70 mm H 2 O. Four and one-half years postoperatively her ventricles were well decompressed, and there was no sign of increased intracranial pressure (Fig. 2 lower left ). There were no subdural fluid collections, and the porencephaly was greatly reduced (Fig. 2 lower right) . Her neurologist has made a diagnosis of orofaciodigital syndrome. She remains somewhat behind milestones and has an intelligence quotient of approximately 70. (Her functional level, however, is much better than had been expected based on her original MR image). The size of her ventricles has remained virtually unchanged for 4 years.
In this case, the valve pressure chosen was too far below the ventricular pressure and rapid ventricular decompression contributed to subdural hygroma formation. There was also significant cerebral-cranial disproportion.
Case 3
This 15-year-old boy had a 3-year history of decreasing mentation, progressive failure in school, and progressive confusion. His family finally sought help when he could no longer safely find his way home from school, having been found wandering around the neighborhood. On examination he had an extremely large head (62.4 cm) and decreased mentation. Magnectic resonance imaging revealed four ventricular enlargement, with convexity CSF present (Fig. 3 upper left and center) . At operation the intraventricular pressure was 185 mm H 2 O, and a programmable valve was placed at an opening pressure130 mm H 2 O. At 6-week follow-up the patient felt more alert, and his parents noted that he was less confused. The (Fig. 3 upper right) . At 24 months after shunt placement, he complained of intermittent headaches, light headedness, and decreased appetite. A CT scan revealed slitlike ventricles and the development of small bilateral subdural hygromas (Fig. 3 lower  left) . The valve pressure was reprogrammed to 130 mm H 2 O. His headaches abated within several days, and he continued to attend school. At follow up 5.6 years postoperatively the ventricles had remained stable for 3 years (Fig. 3 lower center and right) , and he is now in his 3rd year of college.
The late appearance of symptomatic subdural hygromas was easily treated by raising the valve opening pressure by only 30 mm H 2 O.
Case 4
This 68-year-old woman had undergone resection of an ovarian carcinoma and chemotherapy 5 years before admission. Three years prior to admission she developed brain metastases, for which she received focal and whole-brain radiation therapy. Six months later she developed hydrocephalus and underwent placement of shunt system with a medium-pressure valve.
When seen 3 years after shunt placement, she complained of a 2-month history of headache, urinary incontinence, and difficulty with gait and balance. A CT scan was obtained that revealed that the ventricular size had slightly increased compared with that seen on an earlier scan (Fig. 4 upper left) . The shunt depressed and refilled well. A shunt tap was performed to measure pressure. With the patient well relaxed, the pressure was 152 mm H 2 O. It was decided to revise the shunt system and to install a programmable valve, and the opening pressure was set at 100 mm H 2 O. Within the 1st day postprocedure her headaches had resolved, and within days she noticed that there was no incontinence. The balance difficulty and gait disturbance improved. The patient continued to feel well. On examination at 6 months after raising the pressure she had no headache. There was no incontinence and only minor balance problems. Lower Right: A CT scan obtained 6 months postopertively, demonstrating that the ventricles were slightly larger, there was a decrease in the size of the subdural fluid collection, and the midline shift had resolved. The subdural fluid collections were reduced, and she was asymptomatic when the pressure valve was set at 140 mm H 2 O, while she had symptoms of normal pressure hydrocephalus at 152 mm H 2 O. The programmable feature of the valve allowed treatment without operative intervention.
She was seen 2 months postoperatively and was doing well. A CT scan demonstrated smaller ventricles but with bilateral subdural hygromas, greater on the left than on the right side (Fig. 4 upper right) . There was a midline shift from left to right (Fig. 4 lower left) . The valve was reprogrammed to an opening presure of 140 mm H 2 O. She continued to feel well. On examination 6 months after raising the valve pressure she experienced no headache, and there was no incontinence and only minor balance problems. A CT scan demonstrated that the ventricles were slightly larger, there was a decrease in the size of the subdural fluid collection, and the midline shift had resolved (Fig. 4 lower right) .
She continued to do well until 8 months later when she developed metastases in her liver. There was no further neurological complaint.
In this case the subdural collections were reduced, and the patient was asymptomatic when her valve pressure was at 140 mm H 2 O, whereas symptoms of normal-pressure hydrocephalus were demonstrated at 152 mm H 2 O. The programmable feature allowed treatment without operative intervention.
Case 5
A 65-year-old woman had a 2-year history of progressive gait disturbance, frequent falls, urinary incontinence, and mentation difficulty. She had undergone a lobectomy of the lung for squamous cell carcinoma 13 years previously and had a 3-year history of excessive drinking. A CT study revealed the presence of ventriculomegaly (Fig. 5 upper left) . At surgery the ventricular pressure was 150 mm H 2 O, and the programmable valve was set at 140 mm H 2 O. There was no change in the size of of the ventricles over 2 weeks (Fig. 5 upper center) , and the valve pressure was reduced to 80 mm H 2 O in three steps over 2 weeks. A CT scan obtained at 6 weeks postshunting demonstrated that bilateral subdural hygromas had developed ( Fig. 5 upper right) . The valve pressure was raised to 120 mm H 2 O. Three weeks later she developed headaches following a minor tripping episode. A CT scan then revealed the presence of blood in the subdural space ( Fig. 5 lower left) . The clot was drained at a local hospital. Three months after the shunt placement procedure she experienced a seizure while traveling outside her home state. An imaging study performed at the university hospital demonstrated a small hygroma on the right side. The shunt was ligated. Approximately 8 hours later, she became unresponsive, experiencing bradycardia and apnea. The ligature was removed, and the patient slowly returned to baseline status over 5 days. She returned home and the valve was raised to 160 mm H 2 O. At 10 months postoperatively MR imaging demonstrated the absence of subdural collection. This study also revealed demyelination in the pons, which was confirmed on a subsequent imaging study (Fig. 5 lower right) . She was diagnosed as having central pontine myelinolysis. She continued to deteriorate and died 26 months postoperatively.
In this case the rapid decrease from 140 to 80 mm H 2 O postoperatively may have facilitated the development of the subdural hygroma. The early appearance of the hygroma postoperatively may indicate a predisposition to subdural hematoma in adults. Finally, a procedure involving ligation of the shunt to resolve hygromas entails considerable risk.
Case 6
This 43-year-old man, in whom a diagnosis of "cortical collapse" was made, was seen 2 months after revision of a failed shunt. He was scheduled to receive an elective shunt system with a programmable valve but was admitted on an emergency basis because of sudden development of headache. A CT scan then demonstrated a blood clot within the subdural hygroma (Fig. 6 upper left and right) . At operation the intraventricular pressure measured 350 mm H 2 O, and the valve was programmed to 190 mm H 2 O. The clot was drained via a single burr hole. The cortical collapse was corrected by postoperative surgery Day 2 ( Fig. 6 lower left) . The patient remained asymptomatic and the valve was reprogrammed to 170 mm H 2 O. Two weeks later the ventricles were shown to have enlarged, although the patient remained well (Fig. 6 lower right) . The pressure was reduced slowly in 10-mm H 2 O increments. 
RESULTS
Three hundred seventy-seven patients were randomized into the clinical study in the period between June 1993 and December 1994. Of this group 194 patients underwent placement of a shunt system with the programmable (experimental) valve and 183 patients with the conventional (control) valve (Table 1) . Randomization of the two groups was successfully achieved, and there was no statistical difference between the groups for the various descriptive parameters, nor were there significant differences in the "new" and "replacement" categories.
Programmable Valve Settings
The Codman Hakim programmable valve can be set while the valve is packaged and sterile. In the study 95% of the initial pressure settings were programmed prior to implantation, and only 5% of initial pressure settings were performed after implantation. Several centers used the process of "impedance matching" to program the valves. In this method, the intraventricular pressure is first measured under standard conditions. Seventy percent of all the initial pressure selections fell between the pressures of 70 mm H 2 O and 140 mm H 2 O.
The investigators were asked to assess shunt function qualitatively by ventricular size at the 3-, 12-, and 24-month follow-up visits. Criteria for inclusion in the "severe overdrainage" group included slitlike ventricles and extraaxial fluid collections. Severe underdrainage was suggested by the failure to obtain reduction in ventricular size after placement of the shunt. The values for both severe overdrainage and severe underdrainage at qualitative assessment are given in Table 2 . These figures show no statistical difference between the experimental-and control-valve groups.
Incidence of Valve Reprogramming
There were a total of 540 instances in which valve pressure was reprogrammed in the experimental group during the study period. In over two thirds of patients in the experimental group one or more episodes of valve-pressure reprogramming was made after the surgeon's initial estimation of the appropriate setting. The average number of additional reprogramming adjustments was five (± five) for each patient (range one-41 adjustments). More than half of the valve-pressure adjustments occurred within the first 3 months after implantation, and 70% occurred within 6 months. Figure 7 shows the percentage of reprogrammings compared with the total number of patients. Analysis reveals that well over half of all the reprogrammings took place in a group of just 30 patients. 
Incidence of Subdural Hematoma/Hygroma
There were 23 subdural hematomas or hygromas reported in the study, for an incidence of 6.10%. Of these, 12 (6.19%) occurred in patients with experimental valves, and 11 (6.01%) were found in the control valve group. There was no statistical difference in the incidence of subdural fluid collections between the two groups. When the patients in the new and replacement shunt groups were compared, a 7.3% incidence of subdural hematoma/hygromas was demonstrated in the group undergoing first-time shunt placement and 5.18% in the group undergoing shunt valve replacement. The age and diagnosis for each of the 23 patients with subdural fluid collections are given in Table 3 . Although the average ages of the two groups are skewed by several older patients in the control group, the median age in the experimental valve group was 0.85 years and in the control group the median age was 2.8 years.
MANAGEMENT OF SUBDURAL FLUID COLLECTIONS
Four treatment modalities were discerned in the management of those patients in whom subdural fluid collections developed.
Resolved Without Treatment. In three (25%) of the 12 experimental valve patients and in 4 (36.3%) of the 11 control-valve patients the subdural fluid collections resolved without further treatment. Thus a total of seven (30.4%) of 23 postshunt collections disappeared under observation. Most (six of seven) of the patients in whom spontaneous resolution occurred had subdural hygromas rather than hematomas. They tended to be a young group; six of the seven patients were younger than 2.6 years of age, and half were either infants or neonates.
Unresolved and Under Observation. This group includes one patient from the experimental group (8.3%) and three from the control group (27.2%). In these cases the patients experienced either no or quite minor symptoms referrable to their subdural fluid collections. The investigators involved chose to observe these patients, and they continued to be observed at the end of the 104-week reporting period.
Resolved by Operative Drainage and Removal of the Shunt. Drainage of the fluid and shunt removal were performed in one patient (8.3%) of the experimental group and in four (36.3%) of the control group. Although these valves were removed by the end of the formal follow-up period, all of these patients were shunt dependent and required another shunt procedure.
Resolved by Increasing Valve Pressure With or Without Drainage of the Fluid. This modality was applicable only in patients in whom shunts were placed with the programmable valve. In seven (58.3%) of the 12 patients in this group who developed subdural collections the investigator used the programmable feature in the treatment of the collection. In six cases this was accomplished solely by raising the pressure and continuing to observe the patient. In one instance the valve pressure was raised and a hematoma was removed.
DISCUSSION
A clear finding of this study is that the use of the programmable valve did not change the incidence of subdural fluid collections when compared with the use of fixed-pressure valves. This finding may be subject to several interpretations.
The first interpretation is that the process by which ventricles suddenly decompress and allow large extraaxial fluid collections to develop may be solely related to siphoning. Some investigators believe that siphoning is inherent in any differential-pressure valve system. [2] Thus siphoning can theoretically occur at almost any pressure differential. The volumes involved would then be dependent on the rate of siphoning and the length of time that the siphoning continued. This interpretation would readily explain why subdural fluid formation occurred nearly equally in both groups in this study.
Another explanation might be that the investigators had not properly used the programmable feature. Data from the Dutch Normal-Pressure Hydrocephalus Study has indicated that subdural effusions occurred in 71% of patients with a low-pressure shunt valve and in only 34% of patients with a medium-pressure shunt valve system. [6] As shown by some of our illustrative cases, the surgeon may use too great an "impedance" mismatch initially or may reduce the valve pressure too rapidly after shunt placement. Over the course of the study, the investigators tended to match the initial program pressure more closely with the intraventricular pressure. They also tended to make changes at longer intervals and with smaller differences in valve setting. The determination of the real ability of a programmable valve to prevent the development of subdural fluid collections may be contingent on the development of a more stringent and rigidly controlled experimental protocol.
Results obtained from this study and from reports in the literature suggest a qualitative difference between late and early complications after implantation of a shunt. [24, 25] Moreover, there is a difference in whether the subdural effusions occurred in very young children or adults. In children, the development of subdural hygroma in the early period following a shunting procedure (< 2 months) seems to be of little significance. This condition accounted for the great majority of our cases in which the effusion spontaneously resolved. Nishimura, et al., [21] found that 85% of these early subdural hygromas in infants resolved spontaneously.
This finding is in marked contrast with the appearance of hypodense subdural collections in adults shortly after placement of a shunt. [28] Raftopoulos, et al., [28] found that in four of 10 adult patients in whom early subdural hygromas had formed rapid development of symptomatic subdural hematomas occurred. This is consistent with our findings and is illustrated by Cases 5 and 6. In the same prospective analysis of adult patients with hydrocephalus, investigators found that hypodense subdural fluid collections that appeared more than 2 months after surgery did not seem to be a threatening condition. [8, 28] None of the three patients in whom subdural fluid collected went on to develop a subdural hematoma. This is illustrated by our Case 3. In infants, however, late development of subdural hygromas posed more ominous significance. A number of authors have described the development of chronic subdural hematomas within these areas of fluid collections, often followed by calcification. This situation has been described as the "armored brain." [7, 24, 33] An important finding of the current study is the effectiveness of the programmable feature in the management of the subdural fluid collection. [4, 16, 18, 29, 32] In six of 12 cases, raising the valve pressure alone was all the treatment required. This spares the patient further operative intervention. In another case, the ability to increase the intraventricular pressure was an important aspect of the treatment after drainage of the subdural hematoma.
In addition to being able to alter the valve pressure to treat subdural fluid collections, the shunt system with the programmable valve allows for continued treatment of the patient's known hydrocephalic condition. The use of either shunt explantation or shunt ligation to obliterate a subdural fluid collection is always a risky proposition. The near-fatal outcome of the patient in Case 5 in whom shunt ligation was performed underscores the high potential for deterioration in these patients. To raise the pressure of the programmable valve while allowing high-pressure drainage confers a considerable degree of safety. Despite the small number of patients involved, the utility of the programmable-valve feature in patients who develop postshunting subdural fluid collections is apparent.
